Summary. The proteins of epididymal luminal fluid and of spermatozoa recovered from different regions of the rat epididymis were examined by polyacrylamide gel electrophoresis under non-denaturing and denaturing conditions. Albumin (A) and four major pre-albumin bands (B\p=n-\E) were observed in epididymal fluid from the cauda on non-denaturing gels. By comparing the migration of these bands with that of standard globular proteins on denaturing gels, the molecular weight of Bands B and C was estimated to be 16 000, Band D was 30 000 and Band E was 32 000.
Introduction
As spermatozoa pass through the epididymis they acquire the potential to fertilize eggs. In the rat this is achieved in the caput and corpus epididymidis (Dyson & Orgebin-Crist, 1973) whilst the cauda epididymidis serves principally as a store for mature spermatozoa before their release at ejaculation. The epididymis provides a specific chemical environment in which these maturational changes take place (Brooks, 1979a) . This environment is regulated by androgenic hormones, partly by control of the relative activity of a range of intracellular enzymes (Brooks, 1976 (Brooks, , 1978 .
light/24 h. The procedures for castration and for ligation of the testicular efferent ducts have been described previously (Brooks, 1976) .
For most experiments the animals were decapitated and the vascular system was perfused with 0-9% (w/v) NaCl to clear the reproductive organs of blood. This was achieved by opening the thorax and inserting a needle attached to a cannula into the thoracic aorta in the direction of blood flow. The aorta was closed around the needle with a ligature and after removal of the heart, 0-9% NaCl was allowed to pass via the cannula into the aorta whilst blood escaped from the vena cava. When the reproductive tissues had been cleared of blood, the epididymis was dissected out, cleared of adhering adipose tissue and then subdivided into four regions (initial segment, and caput, corpus and cauda epididymidis) as defined by Brooks (1976) .
Isolation ofproteinsfrom epididymal luminal fluid and spermatozoa Epididymal tissue which had been cleared of blood by perfusion was sliced by hand with a razor blade into sections approximately 0-5 mm thick. The slices were shaken in 10 ml Ringer at 32°C for 15 min to allow the escape of spermatozoa and fluid originally contained within the lumen of the epididymal tubule. The Ringer was then carefully separated from the tissue slices by drawing it off with a Pasteur pipette. This Ringer wash was centrifuged at 400 g for 10 min to sediment the spermatozoa. The supernatant, containing the luminal fluid, was retained and the spermatozoa were washed twice more by resuspension and centrifugation in fresh Ringer. The pellet of spermatozoa obtained after the third wash was resuspended in 2 ml ice-cold 0-25 msucrose, 1-5 mM-MgCl2, 0-1% Triton X-100, and then sonicated for 15 sec using setting 4 on a Soniprobe (Dawe Instruments, London, U.K.).
The two fractions obtained (i.e. the solution of luminal fluid in Ringer and the sonicate of spermatozoa) were centrifuged at 100000 g for 1 h at 2°C. The proteins present in the supernatant were concentrated in preparation for gel electrophoresis in one of two ways: (1) the supernatant was dialysed for 24 h at 0°C against three changes of 20 mM-NH4HC03, pH 8-2, and then freeze-dried and redissolved in 10 mM-Tris-HCl, pH 7-6; (2) the supernatant was made 5% (w/v) in trichloroacetic acid (TCA) at 0°C and after standing in ice for 30 min the precipitated protein was recovered by centrifugation (2000 g, 10 min), washed three times in ethanol :ether (1:1, v/v), dried and dissolved in 30 mM-Tris-HCl, pH [6] [7] [8] 1% SDS, 10% glycerol.
Incorporation of radioactive methionine into proteins by epididymal tissue in vitro Slices of epididymal tissue were prepared and rinsed free of luminal fluid and spermatozoa by two washes in Ringer as described above. The washed slices were blotted on tissue paper moistened with 0-9% NaCl. Then 25 mg of the blotted tissue were weighed on a torsion balance and added to 1 ml Ringer supplemented with 0-1 mM of all amino acids except methionine and containing 5-10 µ [33S]methionine. The tissue slices were shaken at 32°C for 1 h followed by homogenization at 0°C in 5 ml 0-25 M-sucrose, 1-5 mM-MgCl2, 0-1% Triton X-100 (final concentrations) using a laboratory blender (Silverson Machines Ltd, Chesham, Bucks, U.K.). The homogenate was centrifuged at 100 000 g for 1 h at 2°C. The amount of methionine incorporated into protein was determined in the supernatant fraction whilst DNA was extracted from the precipitate. Other aliquots of the supernatant were processed in preparation for gel electrophoresis as described above.
For estimation of the amount of methionine incorporated into protein, aliquots of supernatant were mixed with 25 µ of a solution of bovine serum albumin (1 mg/ml) and precipitated with 10 volumes of 10% TCA containing 0-1 mM-L-methionine. After standing in ice for at least 30 min, the precipitated material in the sample was collected by filtration on 2-5 cm diameter cellulose acetate filters (0-45 µ pore size, from Oxoid Ltd, Basingstoke, Hants, U.K.). The filters were washed through with 5% TCA containing 0-1 mM-methionine, dried under a lamp and the retained radioactivity was estimated by liquid scintillation spectrometry (Higgins & Burchell, 1978) . For estimation of DNA, the pellet obtained from the centrifugation of the homogenate at 100 000 g was resuspended at 0°C in 5 ml 0-5 m-HC104. After 30 min, insoluble material was collected by centrifugation at 2000 g for 10 min and this washed pellet was then digested in 1 ml 0-5 M-HC104 at 70°C for 20 min, followed by cooling on ice and re-centrifugation at 2000 g for 10 min. The supernatant was assayed for solubilized DNA by the method of Burton (1956) using similarly treated calf thymus DNA to construct the standard curve.
Protein determinations
Protein was determined by the procedure of Lowry, Rosebrough, Farr & Randall (1951) or of Sedmak & Grossberg (1977) using bovine serum albumin as the standard.
Chromatography of luminal fluid on affinity columns of lectins
To limit possible degradation of glycoproteins due to the high glycosidase activity of the epididymis (Conchie, Findlay & Levvy, 1959) , luminal fluid was isolated from the whole epididymis in Ringer containing 10 mM-D-mannonic acid-y-lactone, lOmM-y-D-galactonolactone and 0-1 mM-2-acetamido-2-deoxy-D-gluconolactone to inhibit the activities of a-mannosidase (EC 3.2.1.24), ß-galactosidase (EC 3.2.1.23) and ß-N-acetylglucosaminidase (EC 3.2.1.30) respectively (Conchie et al, 1959 Samples of luminal fluid (1 ml), with or without neuraminidase treatment, were then diluted to 5 ml with appropriate buffer and applied to columns containing 2 ml Sepharose coupled to approximately 1 mg lectin. The starting buffer for columns containing Ricinus, Lens and WGA lectins was phosphate-buffered saline (PBS; 153 mM-Na+, 4 mM-K+, 0-9 mM-Ca2+, 0-5 mMMg2+, 142 mM-Cl-, 9-6 mM-P043") containing 0-1% Triton X-100, whereas that for Concanavalin A columns was 20 mM-sodium acetate, pH 6-8, 0-5 µ NaCl, 1 mM-CaCl2, 1 mMMnCl2, 1 mM-MgCl2, 0-1% Triton X-100. The effluent from the column was cycled twice more through the column and then the column was washed through with 50 ml starting buffer. The column was next eluted with 15 ml starting buffer containing 0-2 µ of the appropriate sugar (amethylmannoside for Lens Fairbanks, Steck & Wallach (1971) .
Denaturing gels. Gels were prepared using the buffer systems containing 0-1% SDS as described by Laemmli (1970 Non-denaturing gels. Gels of 7-5% acrylamide were prepared and run under the discontinuous system at pH 8-4 as described by Maizel (1971 Fig. 2 ). None of the pre-albumin bands was retained by the other lectin affinity columns (Ricinus, Lens or WGA), nor did binding take place on these columns after treatment with neuraminidase. Some bands which migrated more slowly than albumin were retained by the lectins and, particularly in the case of Ricinus lectin, the banding pattern was altered by treatment with neuraminidase. However, no attempt was made to explore in greater detail the identity of these bands.
Regional differences in proteins ofepididymal luminal fluid Albumin was particularly noticeable in luminal fluid from all regions of the epididymis (PI. 1, Fig. 1 ). In contrast, pronounced regional differences were noted with other proteins. Pre-albumin bands were virtually undetectable in luminal fluid from the initial segment (PI. 1, Fig. 1 , lane 2) whereas two prominent pre-albumin bands (B and C) were seen in caput fluid (PI. 1, Fig. 1 Fig. 1 , lane 4). A fourth pre-albumin band (E) became evident in the cauda epididymidis. In addition, other quantitatively less important bands which migrated more slowly than albumin also showed regional variation but these were not studied further.
Regional differences were also revealed by denaturing gels which, as expected, showed a much greater protein complexity (PI. 1, Fig. 1, lanes 5-8) . The most obvious regional differences are summarized in Table 1 and some of these differences reflect changes in the pre-albumin bands (B-E) seen on non-denaturing gels. Thus .fm bands 1 and 2 from non-denaturing gels (Fig. 8) . Fig. 6 ).
Many radioactive bands were coincident in tissue from normal and castrated rats, including a heavily labelled band at 41 000 (PI. 3, Fig. 6 ). The major effect of androgen was noted at 16 000 in the caput (PI. 3, Fig. 6, lanes 1-3) . This band was heavily labelled in the caput of normal animals (PI. 3, Fig. 6, lane 1) . In contrast, no labelling was observed in this band when tissue from castrated animals was used (PL 3,  Fig. 6, lane 2) . Labelling was restored following the administration of testosterone in vivo (PI. 3,  Fig. 6, lane 3) . We have already shown (see above) that this band at 16 000 corresponds to the migration position of both the pre-albumin proteins and C of luminal fluid seen on non-denaturing gels (PI. 3, Fig. 7, lane 1) . These proteins are present in tissue from normal rats (PI. 3, Fig. 7, lane 3) but absent in that from castrated rats (PI. 3, Fig. 7, lane 4) . Both these proteins are synthesized by the caput of normal animals (PI. 3, Fig. 7 , lane 5) while the androgenic dependence of their synthesis is confirmed by the complete lack of incorporation of radioactive methionine into these bands in the caput of castrated animals (PI. 3, Fig. 7, lane 6) .
In contrast to the caput, there was little difference in the spectrum of radioactive proteins produced in the cauda epididymidis of animals of different androgen status (PI. 3, Fig. 6, lanes  4-6) . However, slight differences in the mobility of bands at 32 000 and 46 000 suggest that the synthesis of these caudal proteins may be regulated by androgens.
Proteins ofspermatozoa
Spermatozoa mature during epididymal transit by a process which may involve selective protein addition and removal. The spectra of proteins associated with spermatozoa taken from various epididymal regions were therefore studied to see whether any of the luminal proteins already described bind to spermatozoa.
On non-denaturing gels, few discrete bands were visible in extracts of spermatozoa (PI. 4, Fig. 8 ). However, two bands were evident which differed in amount depending upon the region of the epididymis from which the spermatozoa were recovered. In some preparations, Band 1 (PI. 4, Fig. 8 , lanes 2-4) which had a molecular weight of 20 000 on denaturing gels (PI. 4, Fig. 9 ) increased from the initial segment to the cauda, but in other preparations this change was less obvious. On the other hand, Band 2 (PI. 4, Fig. 8, lanes 2-4) , which migrated as two bands at 60 000 and 61 000 on denaturing gels (PI. 4, Fig. 9 ), decreased in amount from the initial segment to the cauda. Band 2 was also prominent in testicular extracts (PI. 4,  Fig. 8, lane 1) and migrated at 60 000 on denaturing gels, which suggests that at least one component of Band 2 was already present in spermatozoa emerging from the testis.
As with epididymal fluid, a more complicated spectrum of proteins was evident in sperm extracts on denaturing gels (PI. 4, Fig. 9 ) compared with those on non-denaturing gels (PI. 4, Fig.  8 ), and additional regional differences were revealed (Table 1) . Some of these differences might be accounted for by the binding of proteins from luminal fluid or by the release of proteins from spermatozoa into the luminal fluid. Binding of luminal fluid proteins to spermatozoa is suggested by the presence in spermatozoa from the initial segment of bands which are not obvious in extracts of testis (compare lanes 1 and 2 of PI. 4, Fig. 9) , and by the coincidence of a number of bands in luminal fluid with those in spermatozoa (compare lanes 2-5 with lane 6 of PI. 4, Fig. 9 ). There is, for instance, the distinct possibility that sperm Band 1 is identical with the 20 000 component (A', see PI. 1, Fig. 1 Fig.  8, lanes 2-4) . Despite the fact that sperm Band 2 was coincident with pre-albumin Band on non-denaturing gels, their differing mobilities on denaturing gels (60 000 and 61 000 compared with 16 000, see above) established that they were not identical.
Discussion
In the present study albumin and many other serum proteins had mobilities identical with proteins present in epididymal luminal fluid. We assume that these proteins were derived from the epididymal lumen since the vascular system had been perfused before the isolation of luminal fluid, although it is probable that there was some contribution to the luminal fluid fraction by proteins present in the interstitial fluid. Albumin, immunoglobulins and other serum proteins have been detected in the epididymal fluid of several species (Sedláková, Dostál & Matousek, 1968; Alumot et al, 1971; Amann et al, 1973; Stanék & Dostál, 1974; Koskimies & Kormano, 1975; Huang & Johnson, 1975) . Serum proteins are also present in rete testis fluid of the rat (Koskimies & Kormano, 1973) and presumably pass into the epididymis by way of the efferent ducts. However, the continued presence of serum proteins in epididymal luminal fluid after ligation of the efferent ducts suggests that they have direct access to the luminal fluid across the epididymal epithelium.
The pattern of proteins seen when cauda luminal fluid was electrophoresed on nondenaturing gels was similar to the pattern described by Koskimies & Kormano (1975) for epididymal luminal fluid and by Cameo & Blaquier (1976) for extracts of whole epididymis. Both reports describe prominent pre-albumin bands and Cameo & Blaquier (1976) (Brooks, 1979b) , the flow of fluid along the epithelium is drastically reduced. In this condition, proteins and C are largely restricted to fluid from the caput, presumably because they are not (as in normal animals) moved distally into the cauda by a flow of fluid.
Androgens are known to affect the relative activities of many intracellular enzymes of the epididymis (Brooks, 1976 (Brooks, , 1978 (Brooks, , 1979c , which may reflect differences in the rates of synthesis of these enzyme proteins. The present study shows that the synthesis of at least two major epididymal proteins (B and C) are profoundly influenced by androgen status. Other reports (Cameo & Blaquier, 1976) (Higgins & Parker, 1980) . However, the effects of testosterone are manifest in different ways, e.g. the overall rate of protein synthesis is markedly reduced in the prostate and seminal vesicles after castration (Higgins, Burchell & Mainwaring, 1976; Higgins & Burchell, 1978; Parker, Scrace & Mainwaring, 1978) . This contrasts with our experience with the epididymis, but may reflect the much greater proportion of total protein synthesis devoted to the production of secreted proteins in the other two tissues. In addition, these tissues differ in the extent to which androgens influence the spectrum of proteins synthesized. Following castration, the synthesis of several major proteins of the ventral prostate is disproportionately decreased (Parker et al, 1978) but in the epididymis the synthesis of only two proteins is obviously decreased. In the seminal vesicle, on the other hand, the response to androgens is more general in that the major secretory proteins represent a similar proportion of the total proteins synthesized, regardless of androgen status (Higgins et al, 1976; Higgins & Burchell, 1978) .
The possibility that a number of luminal fluid proteins may become associated with spermatozoa is suggested by (a) the coincident migration of a number of proteins from spermatozoa and luminal fluid (particularly in the range 20 000-25 000 and at 37 000 and 41 000), (b) the presence of bands in spermatozoa from the initial segment which are not evident in testicular extracts, and (c) increases in band intensity as spermatozoa pass from the initial segment to the cauda. It is possible, for instance, that the protein at 37 000 may correspond to the forward motility protein of epididymal fluid described by Brandt et al (1978) as having a molecular weight of 37 500 in its monomeric form. It is also possible that protein D (molecular weight 30 000) may correspond to the acidic epididymal glycoprotein (AEG) of 33 000 purified by Lea et al. (1978) . Protein D and AEG are similar in terms of molecular weight, acidic character (as judged from the rate of migration towards the anode on non-denaturing gels), and glycosylation (as judged by PAS staining and by binding to Concanavalin A). However, we were unable to detect the presence of protein D or any of the other pre-albumin proteins in extracts of spermatozoa after gel electrophoresis; but, using a more sensitive immunological technique, Lea et al (1978) have shown AEG to be associated with spermatozoa.
Apart from the protein at 37 000 described above, a number of other proteins change in relative intensity as spermatozoa pass from the initial segment to the cauda (see Table 1 ). The decrease in intensity of the pre-albumin Band 2 (molecular weight of 61 000) suggests that it could be the protein which Fournier-Delpech et al (1973) found to be lost from spermatozoa in the course of epididymal transit. We were unable, however, to identify on non-denaturing gels the acidic sialoprotein which they describe as being gained by maturing spermatozoa.
It remains to be determined whether the regional changes in protein profile which we have noted on polyacrylamide gels represent alterations of the sperm plasma membrane or alterations of proteins within the spermatozoa. It must also be established which of these changes are essential components of the process of sperm maturation within the epididymis. 
